Abstract. Passively mode-locked ruby-laser pulses are used to generate nearly diffractionlimited picosecond light pulses in a dye cell by longitudinally amplified spontaneous emission. The output pulses are amplified in three longitudinally pumped dye cells, then spectrally filtered with a grating spectrometer and finally reamplified in a fourth dye amplifier in order to generate intense frequency tunable picosecond light pulses. The arrangements applying amplified spontaneous emission (ASE) may be grouped into longitudinally pumped [8] [9] [10] , transversally pumped [11] [12] [13] , and travelling-wave transversally pumped systems [14] [15] [16] [17] [18] . In longitudinally pumped systems the amplification of spontaneous emission is limited by excitedstate absorption of the pump laser light [19] . In transversally excited dye cells the duration of the amplified spontaneous emission signal is restricted by the transit time of light through the pumped region, and two pulses are emitted in opposite directions. The travelling-wave transverse pumping technique uses a grating for matching the propagation of the pump pulse and the amplified spontaneous emission signal. It avoids the drawbacks of longitudinal (excited-state absorption of pump pulse) and transverse pumping (limitation of duration, double pulsing).
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Various pulsed dye laser systems are available for tunable picosecond pulse generation [1, 2] . Flashlamp pumped mode-locked dye lasers [3] , synchronously pumped lasers [4] , short-cavity resonators [5] , quenched transient lasers [6] , distributed feedback lasers [7] , and amplified spontaneous emission systems [8] have been investigated.
The arrangements applying amplified spontaneous emission (ASE) may be grouped into longitudinally pumped [8] [9] [10] , transversally pumped [11] [12] [13] , and travelling-wave transversally pumped systems [14] [15] [16] [17] [18] . In longitudinally pumped systems the amplification of spontaneous emission is limited by excitedstate absorption of the pump laser light [19] . In transversally excited dye cells the duration of the amplified spontaneous emission signal is restricted by the transit time of light through the pumped region, and two pulses are emitted in opposite directions. The travelling-wave transverse pumping technique uses a grating for matching the propagation of the pump pulse and the amplified spontaneous emission signal. It avoids the drawbacks of longitudinal (excited-state absorption of pump pulse) and transverse pumping (limitation of duration, double pulsing).
In this paper we describe a versatile longitudinally pumped dye laser generator-amplifier system that generates intense frequency tunable picosecond light pulses and avoids the problems of pump-pulse excitedstate absorption. The light generation is initiated by amplified spontaneous emission in a dye generator cell. The output signal is amplified in a chain of longitudinal amplifiers, and spectrally narrowed and tuned with a spectrometer. Overall conversion efficiencies (output dye-laser pulse energy to total input pump pulse energy) of about 10% are achieved.
Amplification Considerations
The light generation in a longitudinally pumped dye generator cell is limited by excited-state absorption. Pump-laser photons that are absorbed by excited-state absorption do not contribute to amplification of spontaneous emission. Even under extreme bleaching conditions (pump energy density w L >s SL 
, o L is ground-state absorption cross-section at the pump-laser frequency v L ) the pump pulse penetration depth is limited to
This equation is derived from
and is valid for sample lengths />/ eff . N ex is the population number density of the S 1 state of the dye. N is the total number density of dye molecules, cr ex L is the excited-state absorption cross-section at the pump laser frequency. The amplification of spontaneous emission is given by the differential equation [19] energy is used to pump longitudinally a series of amplifier cells to increase the output signal of the generator cell to a high energy level.
The small-signal amplification of input light in amplifier cells is also determined by (2) (8) The minimal necessary pump pulse energy for maximum small-signal amplification is again given by ^Ut of (6). The ratio of amplifier gain to generator gain is 
The spontaneous intensity is, see (2) The maximum
The amplification of input light dominates over the intrinsic amplified spontaneous emission as long as 
Since further increase of pump energy does not increase the amplification of fluorescence light, only the optimum pump pulse energy is entered to the generator cell in the experiments. The residual pump pulse A seeding signal of intensity J Fin determined by (11) is enough to dominate over amplification of spontaneous emission. In our experiments the seeding signal from the generator cell dominates already completely in the first amplifier cell. As along the amplifier chain the light signal is amplified the small-signal amplification changes over to the strong-signal amplification where the gain is limited by depopulation of the excited state by stimulated emission. The strong signal amplification has to be G sttong <(v F /v L )WJW Ftin by reason of energy conservation. In the strong-signal amplification case the usable pump pulse energy is not limited to W Lovt since it is used to reexcite molecules returned to the groundstate by stimulated emission.
Experimental Arrangement
The experimental set-up of the ruby-laser pumped dyelaser generator-amplifier system is depicted in Fig. 1 . A passively mode-locked ruby laser (saturable dye DDI in methanol) generates a train of picosecond pulses. A krytron triggered Kerr shutter [20] selects a single pulse out of the train. The separated pulse is increased in energy by passing twice through a ruby amplifier. The amplified ruby-laser pulses have an average duration of 30 ps and a pulse energy of up to 6 mJ.
The amplified ruby-laser pulse is slightly focused (lens LI focal length / = lm) and pumps the dye-laser generator-amplifier system. The mirror Ml (reflectivity £ = 30%) selects the pump pulse for generating amplified spontaneous emission in the generator cell G. The generated signal is amplified in three following longitudinally pumped dye cells. The laser mirrors M2 (£ = 30%), M3 (£ = 50%) and a 90° deflection prism direct the pump light to the amplifier cells. The edge filters E reflect ruby light while transmitting the amplified spontaneous emission signal. The temporal synchronization of the ruby-laser pump pulses to the dye-laser signal is achieved by observing the temporal output with a streak camera. Without temporal overlap between pump pulse and signal from the generator cell the amplifiers act themselves as generators and produce amplified spontaneous emission.
The optimum time synchronization is adjusted by pulse duration minimization.
In the generator cell G and the first amplifier cell Al stimulated resonance Raman scattering [21, 22] may occur simultaneously producing a spectrally small line upon the broad amplified spontaneous signal. The amplified spontaneous emission signal may act as seeding signal for stimulated resonance Raman amplification (start of stimulated Raman scattering from amplified spontaneous emission signal instead of quantum fluctuations). The amplification of the stimulated resonance Raman signal in the amplifier chain would reduce the amplification of the broad-band amplified fluorescence signal. Special edge filters EF are used to suppress the resonance Raman signal at the cost of some narrowing of the spectral width of the ampified spontaneous emission signal.
The spectral tuning and narrowing of the generated dye-laser signal is achieved with a grating spectrometer arrangement (SI, L3, GR, L4, S2). The energy loss due to spectral narrowing is compensated in a final dye cell amplifier A4 which is pumped with a split-off (BS before LI) and amplified (amplifier 2) part of the rubylaser pulse. The increase of the ruby-laser pulse energy in amplifier 2 is about of factor of 10 (single pass).
The generated dye-laser pulses are analysed with a streak camera (SC) and a spectrograph (SP). Various photodetectors (not shown in Fig. 1 generator-amplifier chain are used to monitor the amplification behaviour. The divergence of the dyelaser pulses behind the generator and the various amplifiers is analysed with a diode array system and with apertured photodetectors.
Results
In our experiments various laser dyes have been used to cover the spectral range from 725 to 940 nm (rhodamine 800 in methanol: 725-790 nm; DDI in methanol: 745-755 nm; styril 9 in DMSO: 790-880 nm; HDITC in 1:1 ethylene glycol-DMSO mixture: 825-870 nm; IR140 in 1:1 ethylene glycol-DMSO mixture: 880-940 nm). The dye IR140 is from Kodak, the other dyes are from Lambda Physik. Here only results for the dye DDI (l,l'-diethyl-2,2'dicarbocyanine iodide) in methanol are presented.
The absorption and emission spectrum of DDI in methanol is depicted in Fig. 2 . The absorption crosssections are obtained from transmission measurements. The stimulated emission cross sections are derived from backward fluorescence measurements [23] [24] [25] [26] [27] (excitation source: tungsten lamp; detection with Tracor DARRS diode array system). Other dye parameters are listed in Table 1 . In the experiments the used dye concentrations are 10" 4 mol/l for the generator cell (length 1 cm) and 2xl0~4mol/l for the amplifier cells (lengths 0.5 cm).
The ratio of generated output pulse energy to total pump pulse energy in front of the beam splitter BS is plotted in Fig. 3 for the generator cell G and the amplifiers AI, A2, and A3. The detectors were aperture to accept a divergence angle ofJ0 = 2xlO -3 rad (solid Table 1 (5) is G m |^8 x 10 4 for <7em = 7.5 x 10" 1 6 cm 2 ( Fig. 2) , <r ex>F = 5 x 10" 17 cm 2 , and <x ex , L = 5 x 10" 17 cm 2 [28] . The dye amplifier chain increases the output pulse signal up to an energy conversion of W F /W L ~ 0.09 after the third amplifier cell (Fig. 3) . In the saturation region (W L > 2 mJ) the amplification in cell Al is « 200, in cell A2Ä8, and in cell A3Ä2. The pulse to pulse energy fluctuations behind the amplifier chain are very small.
The spatial distribution of the amplified spontaneous emission signal behind the generator cell is depicted in Fig. 4 . It exhibits a sharp spike of divergence A9 = 20 1/2 = (l ±0.4) x 10" 3 rad (corresponding solid angle A Q ASE = nA <9 2 /4 ^ 8 x 10 " 7 sr) upon a broad pedestal (see also [29] ). The central spike is a factor of 2 x 10 4 more intense than the pedestal and contains about one fifth of the total amplified spontaneous emission energy. The pedestal radiant pulse energy is about a factor of 200 higher than the sideward fluorescence radiance dW sp /dQ. The divergence angle A6 of the sharp amplified spontaneous emission spike is considerably less than the geometrical angle d G // eff^0 .25. In the experiments the pump pulses traverses convergently the generator cell. Divergent pump pulse geometries give larger divergence of the amplified spontaneous emission signal [8] [9] [10] . The small divergence is thought to be due to the build-up of spatial coherence (interference of amplifying photons with fluorescing molecules) in the process of amplified spontaneous emission [30, 31] . It should be noted that in the saturation region of amplified spontaneous emission (W L >2 mJ, W^xlO (ö is the photon degeneracy parameter) [32] . Typical pulse spectra along the generator-amplifier chain are shown in Fig. 5 . The generator spectrum (a) is strongly structured. The positions of the spectral peaks change from shot to shot. The structure is thought to be caused by the build-up of temporal coherence in the amplification of spontaneous emission [30, 31] . The spectral fine structure agrees approximately with the inverse overall duration of the generated signal (Avttl/At F9 see Fig. 6b ). Along the amplifiers the spectra are smoothed by gain saturation (Fig. 6b-d) . The central emission frequency shifts slightly to longer wavelengths. This behaviour is mainly due to the transmission characteristics of the long-pass edge filters E. The spectral overall width of the generated pulses is approximately Jv F -120cm
The temporal pulse development is illustrated in Fig. 6 . The pulse durations are measured with a Hamamatsu type CI 587 streak camera with fast streak plug-in of type Ml952 (2 ps time resolution). Part (a) depicts the input pump pulse shape (At L = 30ps FWHM). The temporal pulse shape of the amplified fluorescence signal behind the generator cell is shown in part (b) (pump pulse energy W L~3 mJ). The overall duration is Jt F~9 ps (FWHM). The generation of pulse durations shorter than the pump pulse duration is due to the high amplification of fluorescence light [14] [15] [16] [17] [18] [19] and is supported by the short fluorescence lifetime of the dye. The amplifiers Al to A3 broaden the pulse duration from 9 ps after the generator to about 20 ps after the third amplifier (Fig. 6c-e) . The broadening is due to gain saturation in the amplifiers. A temporal substructure of the pulses is resolved. An even finer temporal structure is expected from the spectral distributions of Fig. 5 (temporal beating  structure) .
The generated picosecond dye laser pulses in the generator-amplifier system G-A3 are not bandwidth limited (AvAt~70) because of the broad region of stimulated emission. With a grating spectrometer arrangement (Fig. 1 ) the pulses may be spectrally narrowed down to Av^lcm' 1 (AvAt~l) without remarkable temporal broadening (for band-width limited Gaussian pulses it is AvAt = 0.441). In our experiments we narrowed the spectra down to Av F~2 5 cm -1 (focal length of lenses L3 and L4 is 30 cm, grating has 1200 lines/mm, slit widths of S x and S 2 are 1 mm) and Zlv F~8 cm -1 (0.2 mm slit widths) and tuned the frequency within the input band width. The energy losses due to spectral narrowing, due to tuning to the spectral wings, and due to transmission losses are compensated in the final amplifier cell A4.
The results obtained with the spectrometer and reamplifier arrangement are summarized in Fig. 7 where the normalized spectral output pulse energy density envelopes (dW F /dl F )/W L are plotted versus
Fig. 7. Spectral distribution of generated light pulses. (Dashed curves: 1 spectrum behind amplifier A3 before spectral narrowing; 2 envelope of the peaks of narrowed pulses behind spectrometer arrangement; 3 and 4 envelopes of the peaks of strongly narrowed and weakly narrowed pulses behind amplifier A4, respectively). Solid curves show weakly narrowed pulse spectra. Dash-dotted curves present strongly narrowed pulse spectra wavelength for the pulses entering the spectrometer (curve 1), leaving the spectrometer (curve 2) and leaving the amplifier (curve 4 for weakly narrowed pulses and curve 3 for strongly narrowed pulses). The light passage through the spectrometer system cause a transmission loss of 0.2 (comparison of curves 1 and 2). At the central frequency the spectral pulse shapes of weakly and strongly narrowed pulses behind the spectrometer and behind dye amplifier A4 are included. The amplifier slightly narrows the spectral pulse width because the spectral components are spatially dispersed and the amplifier has a spatial bell shaped gain profile. In the central frequency region the pulse amplification is about a factor of 150 and a conversion efficiency of W F /W L &0.15 and 0.05 is obtained for the weakly and strongly narrowed pulses, respectively (W L ruby pulse energy at lens LI, Fig. 1 ). At the spectral wings the amplification rises up to a factor of 3000.
A temporal pulse structure of a weakly narrowed and amplified pulse is shown in Fig. 6f . The pulse seems still to be somewhat structured. Its envelope duration is A t F = 15 ps. For the strongly narrowed and amplified pulses durations of At L & 20 ps are measured.
Conclusions
The reported dye-laser generator-amplifier system longitudinally pumped with single picosecond laser pulses allows the generation of frequency tunable, nearly bandwidth and diffraction limited, intense picosecond light pulses. Using a mode-locked ruby pump laser and several laser dyes the spectral range from 725 to 940 nm was covered. The spectral range may be extended further to the infrared by applying suitable dyes [33, 34] . Using second-harmonic pulses of the picosecond ruby laser and suitable dyes, frequency tunable picosecond pulses in the region of 380-700 nm should be producable with the described arrangement. Instead of the mode-locked ruby laser, mode-locked Nd-glass or Nd-Yag lasers and their harmonics may be used as pump sources for the described dye-laser generator-amplifier system.
